The purpose of this paper was to establish the processing parameters of an Al/SiCp composite and to optimize them in order to achieve maximum plasticity of the material. A series of preliminary experiments was carried out in order to evaluate the technological deformation strength and recrystallization conditions. Using a factorial programmed experiment a two order non-linear mathematical model has been established. The functional relationship between ultimate tensile strength of the hot-shaped composite and the processing parameters (temperature and reduction) revealed accelerated phenomena -hardening and recrystallization. Microstructure evaluation of Al/SiCp composite has demonstrated the thermomechanical processing effect on the distribution and size of the reinforcements.
INTRODUCTION
Metal matrix composites (MMCs) of light alloy matrix reinforced with ceramic particles represent an alternative for the applications that require low specific weight associated with high stiffness, strength, fatigue 1 University "Politehnica" of Bucharest, Romania and wear resistance /1,2/. These materials may be obtained economically following casting routes and then shaped by conventional metal techniques. However, as yet MMCs have hardly been put to any practical use, because there are a number of problems in the design of near net shaping processing, although some trial products have been made in various industrial fields.
The formability of MMCs is greatly restricted by the incompatible deformation characteristics of the ductile matrix and the hard reinforcements. The optimum processing parameters of the matrix material do not match those for the composite shaping, and for this reason optimization of thermomechanical processing parameters becomes an important requirement. Some workers /3,4/ on microstructure evolution of particle reinforced aluminum matrix composites have reported that the presence of both particles and nondeformable zones around the reinforcements hinder the matrix flow. The internal stress and strain distribution under external loading would therefore be much more complex in comparison with conventional alloys and the complicated internal stress would give rise to microstructure damage. The influence of ceramic reinforcements on nucleation and recrystallization becomes major and the process kinetics is substantially modified. For all these considerations a detailed analysis of the behavior of MMCs during the deformation process has to be developed in order to determine the optimum thermomechanical processing parameters.
The aim of this paper is to establish the processing parameters of an Al/SiCp composite and to optimize them in order to achieve maximum plasticity of the material. The roles of both SiC particle reinforcements on the matrix flow during hot rolling processing of the composite and thermomechanical processing on particle distribution and size were determined by microstructure examination.
EXPERIMENTAL PROCEDURE AND RESULTS
The composite material Al/SiCp, consisting of a deformable Al alloy and hard ceramic particles, was chosen in order to develop an experimental procedure aimed at optimizing the processing conditions of the composite.
The material was developed by incorporating the reinforcements in the stirred aluminum melt, at controlled temperature and impeller speed. The composite slurry was poured as cylindrical specimens.
The influence of ceramic particles on the technological deformation strength was evaluated on the basis of the compression testing. The samples were compressed with different degrees of deformation and the deformation strength and barrelling were determined. The result of the room temperature compression testing led to the conclusion that cold processing is not recommended for the composite shaping and a detailed analysis of the thermomechanical processing conditions is required.
A factorial experiment of composite hot rolling was designed. In order to establish the center of the factorial experiment, another two schedules appeared necessary. First the degree of deformation was determined using the wedge samples rolled at different deformation temperatures. Secondly, the deformation temperature was evaluated on the basis of a series of heat treatments having in view the hardness evolution as a function of the temperature and duration of the heat treatment. The factorial experiment consisted of eleven hot rolling experiments with different deformation temperatures and reductions. A relationship between the tensile strength and the processing parameters was established with the aid of a Mathcad computer package.
The testing conditions and parameters are given as follows:
Material
Matrix -aluminum alloy 6063 (chemical composition: 0.7% Mg, 0.4% Si, rest Al); reinforcement -SiC particles (mean size: 10-14 μηι and 30-60 μηι; volume fraction: 0, 5 and 10%).
Production procedure for the composite
Vortex technique for particle addition in the matrix, followed by steel mold casting 151. After a preliminary preheating, ceramic particles were dispersed in the molten matrix (degassed and modified for grain refinement) at a controlled temperature (700°C) together with a small quantity of Mg. A graphite impeller with a variable speed stirred the melt, maintained in a dynamic argon atmosphere.
Tensile testing of as-cast Al/SiCp composite showed an increase of yield and ultimate tensile strength together with a sharp decrease of ductility, in comparison with unreinforced matrix /6,7/.
Compression testing
A series of unreinforced matrix, respectively 5% and 10% SiCp composites were compression tested at room temperature with the deformation degrees of 20%, 40%, 60% and total admitted degree by the material. The sample plane surfaces were polished and did not lubricate. Workpieces had equal diameter and height. Deformation strength and barrelling were evaluated as functions of the degree of deformation. The cylindrical surface of the compressed samples was examined.
The results of the constant speed compression are presented in Figures 1 and 2 , where the following notations were used: relative deformation degree -ε, %; technological deformation strength -Rteh, expressed as the ratio of deformation force / sample area; barrelling -δ, %.
The barrelling δ of the compressed specimens decreased a little when the particle volume fraction increased and therefore the friction coefficient decreased too (Fig. 2) . The friction coefficient decrease was not significant due to the low effective area of the ceramic particles and the matrix therefore took over the highest part of the friction forces III. 
Wedge-piece rolling experiment
Samples of unreinforced matrix and composites (5% and 10% SiCp) were homogenized at 500°C for 1 hour and furnace-cooled. Then wedge-shaped workpieces were machined. They were hot rolled at a temperature of 200°C, 300°C and 450°C respectively between lubricated rolls with a 9 m/min rolling speed. The lateral surface of the samples was examined and the degree of deformation corresponding to the first propagating crack was determined. At room temperature composite deformation strength was high, but at high temperature a less pronounced increase was noticed, indicating the possibility of composite hot processing. At high temperature the attenuation of the ceramic particle effect on the deformability was noticed (Fig. 3) . After rolling, wedge-shaped samples showed particle alignment along flow directions and porosity diminished, as reported elsewhere /8/, in agreement with other workers /9,10/. 
Experiment to evaluate recrystallization conditions
Homogenized samples of 5% and 10% SiCp composites were compression deformed at room temperature with a deformation degree of 20%. Samples were then treated at 200, 250, 300, 400 and 500 °C temperatures for 1, 2 and 4 hours. Vickers microhardness was measured using a microhardness tester type LECO Hardness Tester M400G with a diamond indenter and 50gf load. Annealed samples were water quenched and artificially aged at 175°C for 4 hours. Recrystallization conditions were evaluated corresponding to minimum hardness values.
Comparing the temperature at the beginning of recrystallization (250°-300°C) determined experiment-ally using microhardness measurement (Table 1) with the temperature of matrix recrystallization (330°-370°C) /ll/, an acceleration of the recrystallization process was noticed, in agreement with other references /12/. Recrystallization temperatures of the composites and the matrix were verified using a thermodifferential analysis /13/. Ceramic particles and associated nondeformed zones acted as active centers of nucleation and recrystallization. In Figure 4 , the composite microstructure revealed a quite uniform ceramic particle distribution and coherent interface.
Factorial experiment of composite hot rolling
The samples were heated at different temperatures (200, 300 and 400°C) for 1 hour in a resistor electric furnace and then rolled on a rolling mill for square shapes, without lubrication, with different deformation degrees (2, 3 and 4 successive passes without reheating; the reduction ratio between two passes was about 5%), and a 9.5 m/min rolling speed. The rolled samples were tensile tested. This factorial experiment was designed with the center corresponding to nucleation and recrystallization conditions (where minimum mechanical strength was expected). The aim of the experiment was to establish a mathematical model of a composite characteristic (ultimate tensile strength) on the basis of a two order orthogonal center composed program and to optimize hot rolling processing parameters. A welldesigned factorial experiment can substantially reduce 
RELATIONSHIP BETWEEN TENSILE STRENGTH AND PROCESSING PARAMETERS
Even if a ceramic particle volume fraction was incorporated in a deformable matrix, the composite might be shaped, but, due to the particular behavior during thermomechanical processing, the technological parameters should be optimized in order to achieve the desired correlation between microstructure and mechanical properties. Hence, both strength characteristics and microstructure have been examined.
The influence of hot rolling processing parameters (temperature and reduction) on the examined strength characteristic -ultimate tensile strength, designated R (Table 2 ) -was analyzed using the model resulting
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from the factorial experiment. The factorial design was used to study the effect of deformation temperature (coded xi) and total deformation degree (coded x 2 ) during hot rolling processing of 6063 / 5%SiCp composite. The design matrix shown in Table 3 provided three levels for each variable, these variables being coded for convenient identification and easy calculation.
The functional relationship between response (ultimate tensile strength, designated y R *) after hot rolling processing and the investigated independent variables (xi, x 2 ) can be represented by a two order non-linear polynomial model using response surface methodology and it was obtained with the aid of a Mathcad computer package. The statistical determination of the coefficients in the model equation (Eq. 1) was verified with Student's criterion and the adequacy of the regression equation was checked with the Fisher criterion. 
The predicting equation (Eq. 1) can be represented graphically and the ultimate tensile strength response surface (R) resulted, as depicted in Figure 5 strength of the studied composite hot rolled with the processing parameters ranged between 200° 4-400°C temperature and 14.3 25.6% deformation degree. The calculated values (calc y R ) were compared with the experimental ultimate tensile strength (exp y R ) and errors set out in Table 2 . The mathematical model may be extended, after a number of supplementary experiments, to other composites with different particle volume fraction and size. Analyzing the model showed a more important influence of the deformation temperature on the strength than the deformation degree, due to the difference in the independent variable coefficients. This may be justified by the limited degree of deformation chosen for the material, so that possible cracking of particles should not extend and determine material damage. The center of the response surface suffered a translation on the deformation degree axis and thus optimal degree of deformation turned out to be lower than that of the experiment center (20% -chosen as for the unreinforced matrix). In consequence, lower degree of deformation and intermediate heat treatments between passes are recommended for composite processing. This observation underlines the hardening and reciystallization acceleration of the composites, due to both the accumulation of dislocations around particles and to their behavior as the active center of nucleation and reciystallization. The deformation temperature appeared to be the determining parameter for hot shaped composite properties, as shown in Eq. 2. The optimal deformation temperature is in the recrystallization interval which showed 290°C on the base of the model, in accordance with the previous experiment, and the thermodifferential analysis reported elsewhere 1131.
Strength properties increase when processing at temperatures (400°C) exceeding the recrystallization interval. This phenomenon may be explained by the secondary phases being in solution (Mg 2 Si) and their more uniform dispersion in both the matrix and recrystallization microstructure development.
The microstructure of the rolled composite revealed particular aspects relating to ceramic particle size. Large-sized polygonal-shaped particles (Fig. 6a) tended to crack, while both small-sized particles (Fig. 6b) and the cracked parts of large-sized ones tended to align in the rolling direction, in accordance with other references /9,10/.
DISCUSSION AND CONCLUSION
On the basis of the compression testing it was seen that the maximum admitted degree decreased when ceramic particles were incorporated in the matrix. It may be noticed that an increase in the volume fraction of the SiC particles determined a pronounced decrease in the admitted deformation degree until the appearance of cracks or other damage on the cylindrical surface of the sample.
The technological deformation strength increased with both the deformation degree and the SiC particle volume fraction (Fig. 1) . These two features lead to the conclusion that the composite has higher deformation strength than the matrix. This may be explained by the effect of the ceramic particles on the matrix plasticity. The particles have a complex role, acting as obstacles to the mobility of dislocations, and distorting the sliding planes.
The presence of ceramic particles in the deformable matrix of a metal matrix composite accelerated strengthening and increased the deformation strength in comparison with the unreinforced matrix. Barrelling decrease with particle volume fraction showed a decrease of the friction component in the deformation resistance of the composite. At high temperatures, the effect of ceramic particles on deformability was reduced and composites might be thermomechanically shaped. However, a limited degree of deformation is required to avert the propagation of particle cracking in the matrix, as seen in the wedge piece rolling test.
The nucleation and recrystallization processes were accelerated by the presence of particles, the recrystallization temperature falling below 300°C. Ceramic particles and associated non-deformed zones acted as active centers of nucleation and recrystallization.
The two order non-linear model of the strength characteristic established a functional relationship between the ultimate tensile strength of the hot rolled composite and the processing parameters. Moreover, it allowed determination of the influence of temperature and degree of deformation on the strength characteristics and the optimal processing parameters. These correlations were in accordance with the studied phenomena (hardening and recrystallization).
The optimal deformation temperature resulted in the recrystallization interval because at lower temperatures hardening hindered the matrix flow and at higher ones the secondary phase (Mg 2 Si) partial solutionizing was accompanied by an increase in strength.
The degree of deformation fell below the critical value for the matrix and, in consequence, a lower degree of deformation and intermediate heat treatments between passes are recommended for composite processing.
The microstructure of the rolled composite depended on the size of the ceramic particles.
Rolling direction

